We show an effective procedure for lateral structure tuning in nanoimprint lithography (NIL) that has been developed as a vertical top-down method fabricating large-area nanopatterns. The procedure was applied to optical resonance tuning in stacked complementary (SC) metasurfaces based on silicon-on-insulator (SOI) substrates and was found to realize structure tuning at nm precision using only one mold in the NIL process. The structure tuning enabled us to obtain fine tuning of the optical resonances, offering cost-effective, high-throughput, and high-precision nanofabrication. We also demonstrate that the tuned optical resonances selectively and significantly enhance fluorescence (FL) of dye molecules in a near-infrared range. FL intensity on a SC metasurface was found to be more than 450-fold larger than the FL intensity on flat Au film on base SOI substrate.
Introduction
Artificial nanostructures called metamaterials [1] [2] [3] [4] [5] and metasurfaces are forming a rapidly developing group of nanomaterials. Recently, novel optical functions for ray control were realized by use of single-layer metasurfaces of complex unit cell [6] and stimulated great interest in metasurfaces. There are two general aspects of metasurfaces: one is to control optical and spectral features with artificial nanostructures of subwavelength thickness and the other is to incorporate resonant effect on the thin structures. To exploit the two aspects, metallic nanostructures are highly useful because plasmonic resonances are efficiently induced in the very thin structures. In comparison with three-dimensional (3D) structures, the effort in fabrication of metasurfaces is much lower, which is also an advantage of metasurfaces.
Fluorescence (FL) enhancement on metallic nanostructures has been extensively investigated for a few decades [7, 8] . Although large FL enhancement has been expected since the initial studies, significant enhancement exceeding 100-fold had not been obtained until recently [9, 10] . This is probably because metal-induced quenching of FL takes place in some configurations [11, 12] and nonoptimized metallic nanostructures were used. It is thus expected that metasurfaces contribute to the quest for large FL enhancement.
Nanoimprint lithography (NIL) has been developed for 20 years [13, 14] and is currently recognized as an established nanofabrication method with large-area, high-throughput, and high-precision features. NIL has been employed for nanofabrication of electronic and photonic structures [15] and for parallel production of a large number of functional elements [16] . Even high-density nanostructures more than a teradot/inch 2 have been successfully produced [17, 18] . In this paper, we introduce lateral structure tuning in NIL with only one mold and show the fabricated metasurfaces and the optical properties. Resonances on the metasurfaces were applied to enhance FL signals in a near-infrared range and turned out to be well-suited for FL enhancement. We also address spectroscopic features of the metasurfaces, study the resonant electromagnetic (EM) fields by numerical calculations, and discuss practical potential for on-demand enhanced spectroscopy. 
Method
2.1. Fabrication Procedure. Ultraviolet (UV) NIL procedures were as follows. Resist for UV irradiation was spin-coated on substrates and prebaked in advance. Antiadhesion treatment for a quartz mold was also performed in advance. The quartz mold had hexagonal array of pillars as shown in Figure 1 ; the periodicity was set to 410.5 nm and the diameter of the pillars was 200 nm at the top. A large-area (1 × 1 cm 2 ) of the hexagonal array was produced on a quartz substrate of 1 mm thickness by electron-beam lithography. The quartz mold was pressed down to the resist-coated substrate and UV irradiation at 365 nm was carried out. After removing the mold, the pattern on the quartz mold was transferred to the resist. This situation is illustrated in Figure 2 . A thin residual film remained at the bottom of the resist. Typically, the thickness of the residual film was a few tens of nm. It is necessary to remove the residual film. Although the removal is often done with O 2 gas plasma, we used mixed-gas plasma of O 2 and N 2 because we chose to make the etching rate of the resist slower. As a result, we were able to precisely control the size of the resist aperture, which is referred to as 1 and 2 in Figure 2 . This was the key step for lateral structure tuning in the present NIL. After removing the residual thin film, silicon-on-insulator (SOI) layer of 200 nm thickness was vertically etched down to buried oxide (BOX) layer through Bosch process with SF 6 and C 4 F 8 gas. The BOX is equivalent to SiO 2 . The diameter of air holes was inherited from that of the resist aperture. Further detailed conditions such as specific parameters in the UV NIL were previously reported [19] .
To obtain metasurfaces for the present purpose, we conducted a one-time Au evaporation. The thickness of the Au was 35 nm. A 3D-view schematic of the stacked complementary (SC) metasurface is illustrated in Figure 3(b) . The SC metasurface consists of three periodic layers; the top layer is periodically perforated Au film, the middle layer is a Si slab perforated similarly to the top layer, and the bottom layer comprises a Si slab that includes embedded Au disks. The metallic nanostructures in the top and bottom layers are complementary to each other; accordingly, we call the three-layer stacking structure SC structure. We mainly consider the SC structure at the near-infrared range in this paper. The total thickness of the SC structure was 235 nm and was in subwavelength range to the wavelengths of present interest; we also consider macroscopic optical response such as reflectance of the SC structure. We thus call the SC structure SC metasurface.
The structures of the fabricated SC metasurfaces were confirmed by scanning-electron-microscope (SEM) images. The top-view SEM images are shown in Figure 3 
Optical Measurement.
Reflectance spectra were measured using a spectrometer. The incident angle was set to 5 ∘ , which was almost equivalent to the normal incidence in the spectral shape. Incident polarization was set to a linear polarization; in the optical configuration of Figure 3 (b), the incidence was -polarized; that is, the incident polarization was parallel to the plane of incidence, which was set to be the xz plane.
FL measurement was conducted in a microscopy setup including an objective lens (×20) of numerical aperture 0.4 that was set in the normal incidence configuration. Incidence was focused by the objective lens and shed on the sample, and FL signals were collected by the same objective lens. The incident wavelength of the continuous-wave laser light was 786.6 nm; the incident laser light went through a line filter for 785 nm of 2 nm full width at the half maximum, and the power was 0.5 mW on the sample surface. In collection path of FL, the scattering of the incident laser light was terminated by sharp-edge and high-optical-density filters that transmit light of wavelengths more than 800 nm. The FL signals traveled through a monochromator and were detected by a charge-coupled device camera. The FL spectra shown in Figure 2: Schematic of lateral tuning in NIL. Top: status just after removing the nanoimprint mold. Middle: less-optimum treatment of residual thin film of resist. The aperture width 1 is smaller than the initial width . Bottom: overoptimum treatment of residual thin film of resist. The aperture width 2 is larger than the initial width . The treatment of the residual film was carried out by dry etching using mixed O 2 and N 2 gas plasma. this paper were measured by accumulating the signals for 20 seconds.
For FL measurement at near-infrared range from 800 to 1000 nm, we used dye molecules IR783 (Sigma-Aldrich, St. Louis, USA), whose basic properties are shown in Figure 4 . The dye molecules were solved in methanol. The 500 M dye solution was dispersed on the SC metasurface substrate; a drop of 2 L of the dye solution was promptly spread to 18 mm diameter and became dry. As a result, the dye molecules were dispersed in a quite uniform manner.
In the FL measurement on the SC metasurfaces, before we dispersed the dye molecules, we conducted an additional treatment for the Au surface to suppress metalinduced quenching of FL in dye molecules that has been often discussed [11, 12] . Specifically, we made self-assembled monolayer (SAM) on the Au surface; the SAM molecules were 15-carboxy-1-pentadecanethiol (DOJINDO Laboratories, Kumamoto, Japan), grown by following an established protocol [20] . The SAM gap between the Au surface and dispersed dye molecules was estimated to be approximately 1 nm. Note that the SAM may be also formed at the Si side wall in the SC structure.
Numerical Calculation.
We numerically calculated the reflectance spectra and electromagnetic (EM) field distributions by rigorously coupled-wave analysis (RCWA) [21] . To calculate the stacked structures in a numerically stable way, scattering matrix algorithm [22] was incorporated with the RCWA. The author-made computational code was implemented on vector-oriented, 16-CPU supercomputers with a maximum memory of 1.0 TB. We intended to carry out realistic computations; accordingly, permittivity of Au and Si was taken from literature [23] and [24] , respectively, and permittivity of air and SiO 2 was set to the representative values, that is, 1.00057 and 2.1316, respectively. Figure 2) , it is evident that we obtained both smaller and larger air holes than the in the UV NIL. Thus, we laterally tuned the structure in a precise manner. Section-view SEM images were also taken and we confirmed the intended SC structure [19] . Figure 3 (c) shows a series of reflectance spectra of the SC metasurfaces with 190 to 288. The second resonances in energy, which is excited at incident angle 5 ∘ , are labeled as (2) in Figure 3(c) . Obviously, the second resonances shift from 1150 to 890 nm as the diameters increase from 190 to 288. The shift was linearly approximated and found to be 2.7 nm resonance shift for every 1 nm air-hole diameter change. Thus, the second resonance covers a wide wavelength range through the UV NIL with only one mold. The reflectance of the second resonance is small and reaches less than 15% for the SC metasurfaces of 215 and larger air-hole diameters. The small reflectance corresponds to large light absorption of the SC metasurfaces, implying that emittance from the surface is highly efficient. Besides, the width of the reflectance dips is about 30 nm, suggesting a selective enhancement of FL at the resonance band. We therefore test capability of the second resonance for FL enhancement. We mention that the higher resonances more than the fourth resonance were found to be efficient for FL enhancement in a previous paper [19] . Before describing the details of FL enhancement, we address the basic properties of the IR783 test dye molecules. Figure 4 shows FL (red solid line) and extinction (black dashed line) spectra of the IR783 dye molecules in methanol solution. The spectra were normalized at the maximum. The peak of the extinction spectrum is located at 783 nm, representing the feature of the dye molecules. The sharp edge of FL at 800 nm is due to the filters incorporated in the optical measurement setup. The FL rapidly decreases as wavelengths become longer; the FL intensity at 1000 nm is approximately 1/200 of the peak intensity. We also confirmed that the spectral shape of the FL was similar to that of the FL from the dispersed dye molecules on the Si and SiO 2 substrates.
Results and Discussion
Figures 5(a) and 5(b) show FL spectra on the SC metasurfaces of 250 and 265, respectively (red); additionally, FL spectra of IR783 on a flat Au film on the nonprocessed SOI substrates are shown with black lines, which are 10 times enlarged for clarity. All the FL spectra were measured under the equivalent condition described in Section 2. The FL signals on the SC metasurfaces were found to be quite larger than the FL signals on the flat Au surface. The reflectance spectra of the SC metasurfaces are also shown with gray dashed lines in Figures 5(a) and 5(b) . The FL spectra on the SC metasurfaces have peaks around the reflectance dips of the second (2) and third (3) resonances.
Figure 5(c) shows FL-intensity ratio at the peak of the FL spectra in Figures 5(a) and 5(b) . The ratio was simply taken as the ratio of FL intensity on the SC metasurfaces to that on the flat Au surface; the cases of 250 and 265 are shown with red and green, respectively. The FL-intensity ratio exceeds 450 at 990 nm in the case of 250, exhibiting large FL enhancement effect. Also, the FL-intensity ratio is larger than 100 at 915 nm in the case of 265. Note that FL enhancement factor (EF) is usually discussed in enhanced FL studies [7, 8] ; the FL EF is well-defined using a relevant reference that has Journal of Nanomaterials similar surface absorption property for the test molecules.
In the present cases, we could not prepare an ideal reference such as flat Au film on Si or SiO 2 substrates because FL signals on the references were very weak and it was difficult to take the FL ratio. Therefore, we had to replace the candidates for ideal reference with the flat Au film on the SOI substrate; the FL signals on the flat Au film on the SOI substrate tend to be larger than the ideal reference, resulting in reduction of FL-intensity ratio. Summing up the considerations above, we can experimentally conclude that the FL of the IR783 was enhanced by more than 450 times on the second resonance at about 1 m. Thus, the second resonance is also efficient for FL enhancement, similar to the higher resonances [19] . Figure 6 presents numerically calculated EM field distributions on the second resonance. The structural parameters were taken from the SC metasurface of 250. Figures 6(a) and 6(b) show the absolute values of electric field |E| on the top and bottom layers, respectively, in the plane (see Figure  3(b) for the coordinate), where most of the dispersed dye molecules are expected to be located. Strictly, the planes at 1 nm above from the top and bottom layers are plotted because the SAM in experiment was approximately 1 nm thickness. In Figure 6 (a), the positions of the air holes are shown with circles. The incidence was set to be -polarized, to shed normally on the plane, and to have |E| = 1. On the top layer, the most enhanced electric fields appear at the edge of the air holes and take the maximum value of 3.3. On the bottom layer, air domain, where the dispersed dye molecules are located, is limited to inside the air holes, and the most intense electric fields appear at the very rim of the air holes, taking the maximum value of 7.1. Thus the so-called hot spots were observed whereas the spots are limited to very narrow width less than 10 nm for |E| > 5; consequently, the portion of the dye molecules dispersed at the hot spots is considered to be very small. Overall, the averaged electric field intensity |E| 2 was estimated to be less than 5; therefore, the FL transition was 5-fold expedited on average by the electric field intensity on the SC metasurfaces. This factor is too small for the observed FL-intensity ratio more than 450. At the excitation wavelength, enhancement due to the electric 6 Journal of Nanomaterials field intensity is also expected; however, the average intensity is not large enough to account for the FL-intensity ratio in Figure 5 (a). In general, FL EF is expressed as [8, 25] 
where 0 and 0 are quantum yield of FL and radiative transition rate in reference circumstance, respectively; k denotes outgoing wavevector of FL; denotes radiative transition rate in enhanced circumstance; is radiative transition rate in enhanced circumstance and written as = exc /( + nr ) where exc is excited population per second and nr is nonradiative transition rate in enhanced circumstance. The electric field intensity at the excitation wavelength is proportional to exc . Note that the EF depends on in a nonlinear way and can be significantly large when the ratio of / nr changes. The results in Figure 5 (c) suggest the change in electronic transition rates in the enhanced circumstance.
As for the large EF reported so far, narrow gaps less than 5 nm between metallic nanostructures were sought for and EFs more than 1000 were reported [9, 10] . As is clear in (1), EF depends on the test molecules themselves because it includes the quantum yield 0 . Thus it is improper to compare EFs using different test molecules. We here mention that the present FL-enhancing results are more uniform than the previous reports [9, 10] because FL-intensity fluctuations were approximately 5% in our measurement and that detecting wavelengths were now near-infrared around 1 m and were narrowband because the second resonance has about 30 nm line width. These features have not been reported to date. The present enhancement capability at the narrow bands will be useful to meet the demand for selective detection of enhanced FL and Raman signals.
FL enhancement on higher resonances in Si photonic crystal slabs was recently reported [26] . Although the dye molecules were Rhodamine series different from the present IR783, FL enhancement factor of about 250 was obtained. The SC metasurfaces have advantages in flexible resonance tuning at a wide wavelength range in the near-infrared and in cost-effective NIL with only one mold. If one needs to change resonant wavelengths in Si photonic crystal slabs, it would be necessary to change the periodicity and to obtain expensive mold(s). On the other hand, Si photonic crystal slabs are chemically and thermally stable, compared to the SC metasurfaces. Thus the two platforms have different advantages.
Conclusions
We have implemented lateral structure tuning in UV NIL with only one mold and successfully produced a series of the large-area SC metasurfaces with different air-hole diameters. The series exhibited a systematic resonance shift at a wide near-infrared range. Furthermore, the second resonance in the SC metasurfaces was employed to realize FL enhancement in the near-infrared range around 1 m and enabled us to observe a large FL-intensity ratio more than 450 on a SC metasurface in comparison with a flat Au film on the SOI substrate. The resonant EM fields were numerically calculated and discussed in terms of the contribution of the electric field intensity to the large FL-intensity ratio. The SC metasurfaces are capable of selectively enhancing FL signals at the narrow band of 30 nm and of serving as platforms for on-demand enhanced spectroscopy.
